i ) was found to depend on the density and average grain sizes of the samples. It was also observed that increase of the real part of permeability was accompanied by decrease of resonance frequency ( fr) , which confirms the Snoek relation for polycrystalline ferrites.
Introduction
Ferrites have an important role in several electromagnetic devices because of their high electrical resistivity and low losses over a wide range of frequencies [1] [2] [3] [4] [5] [6] . Lithium ferrites have become important materials for microwave applications due to their low costs and also the possibility of substitution for garnets [7, 8] . Partial substitution of Li with suitable cations in lithium ferrite can be used to tailor their anisotropic properties, domain wall relaxation mechanisms, and other properties in order to diversify their applications [9, 10] . The substitution of Li ferrites with different metal ions such as Li-Mn, Li-Ni, Li-Co, Li-Ge, Li-Ti, Li-Cr, and Cd-Li ferrites has been prepared by ceramic methods and their properties have been reported by other researchers [1, 11, 12] . Studies of the substitution of Li with Zn and variation of their structural and magnetic properties with Zn content are very limited. In the present investigation, Li ferrite was substituted with Zn with a nominal composition of Zn x Li 0.45−x/2 Fe 2.55−x/2 O 4 (where x = 0.0, 0.1, 0.2, 0.3, 0.4, and 0.5) to find the effect of Zn on the electromagnetic and structural properties. The effect of variation of sintering temperatures (from 1000-1250
• C in steps of 50 • C) on these properties was also investigated. The structural and permeability characterization of the samples with varying sintering temperatures is reported in this paper. The AC electric transport properties of Zn-Li ferrites have been reported before [13] . * Correspondence: mesbah.ahmed.84@gmail.com The details of the process of sample preparation have been described elsewhere [13] . Disk and toroid-shaped samples were sintered from 1000
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• C at intervals of 50
• C up to 1250
• C for 5 h. For calcinations and sintering processes the temperature rates for heating and cooling were 10 • C/min and 5
• C/min, respectively. The bulk density of the ferrite samples was measured by Archimedes' principle.
X-ray diffraction (XRD) studies were obtained with a PHILIPS-PW-3040 with CuK α radiation ( λ = 1.5418Å) [14] . The theoretical density, ρ th , is described as follows [15] :
where N A is Avogadro's number, M A is the molecular weight of the sample, and a o is the lattice parameter. From the following equation, using bulk density and theoretical density, porosity is also determined [15] :
where ρ B is the bulk density.
Scanning electron microscopy (SEM) (Inspect F50, EFI Company, the Netherlands) was used to investigate the morphology and microstructural behavior of the samples. The linear intercept technique was used for determining average grain size as obtained from SEM micrographs [16] . The frequency characteristics of Zn x Li 0.45−x/2 Fe 2.55−x/2 O 4 ferrite samples, i.e. the initial complex permeability spectra, were found using an impedance analyzer (Wayne Kerr precision impedance analyzer, model no. 6500B) [13] . Room temperature measurements of the complex permeability were obtained in the frequency range from 1 kHz to 120 MHz. The relation used for calculating the real part ( µ ′ i ) of complex permeability is given by Eq. (3) [17] :
where L s is the self-inductance of the sample core and L o is the inductance of the winding coil without sample core, which is obtained geometrically using the following relation: [17] ,
Here, N is the number of turns of the coil (n = 4), S is the area of the cross-section, and d is the mean diameter of the toroidal sample [17] . Analyzing the XRD patterns, we noticed that the position of the peaks agrees with the values of the same reported by other researchers [18, 19] .
Results and discussion
Structural characterizations
The lattice parameters have been calculated with the help of the Nelson-Riley function [20] . The Table shows The average particle size for all samples is evaluated from the major peak (311) using the Debye-Scherrer formula:
where λ is the wavelength, β is the full-width at half maximum of the peak, and θ is the Bragg angle of the XRD peak. The average particle sizes in all samples are tabulated in the sixth column of the Table. The theoretical density (ρ th ), bulk density (ρ B ) , and porosity (P) as a function of Zn content are presented in Figure 3 . It is clearly seen that both densities increase with the increasing of Zn content. The variation of P of the sample has the opposite trend. As the atomic weight of Zn (65.39 amu) is greater than the atomic weight of Li (6.941 amu) and Fe (55.845 amu), this phenomenon can be explained on the basis of atomic weight [22] .
The presence of porosity in the samples (Figure 3) Figure 4 , which shows that density increases up to 1100
• C while beyond 1100
• C ρ B decreases and porosity shows an opposite trend. During the sintering process, the thermal energy generates a force that pushes the grain boundaries to rise over pores and as such the density increases with sintering temperature. For this reason, the pore volume declines and the material becomes more dense. Intragranular porosity increases when sintering temperature is increased. Thus, grain growth becomes discontinuous and density decreases with the increase of sintering temperature [17] . The XRD patterns for two samples with x = 0.3 and x = 0.5 have already been reported [13] . 
Microstructures
Microstructures are important in explaining the magnetic properties of soft ferrites. The SEM micrograph for Zn 0.3 Li 0.3 Fe 2.4 O 4 compositions sintered at various temperatures are shown in Figure 5 . From the microstructure it is clearly evident that the sample sintered at T S = 1150
• C appears to be more compact with homogeneous grains with insignificant pores, which represents the highest density. It is also observed from the microstructure that as the sintering temperature increases grains became more inhomogeneous with abundant pores, which are responsible for lower density and/or higher porosity due to uncontrolled grain growth. The linear intercept method was used to analyze the average grain size of the six samples of Zn-Li ferrite, which was found to increase with sintering temperature. The present study of microstructure also shows that average grain size increases with Zn 2+ content up to x = 0.4 and then a sudden decrease in average grain is observed beyond x = 0.4, which may be due to the fact that ions like Zn 2+ do not favor grain growth when present in excess quantities [12, [25] [26] [27] . 
Complex initial permeability
The initial complex permeability of the six samples sintered at 1250
• C is shown in Figure 6 . The real part of initial permeability ( µ ′ i ) shows a constant nature within the frequency range of 10 kHz to 3 MHz for various Zn contents, indicating high frequency stability. For further increase in frequency, µ ′ i increases to a maximum value and then decreases rapidly to a very low value while the imaginary part of initial permeability (µ ′′ i ) increases quite abruptly to the highest value for a certain frequency called resonance frequency (f r ), which is due to either domain wall displacement or domain rotation, or both of these contributions [28, 29] . The appearance of µ ′′ i is due to lagging of the motion of the domain walls with the applied alternating magnetic field. Figure 7 and the Table confirm the relation µ ′ i f r = constant, which is known as the Snoek limit [30] . The variations of permeability at 100 kHz with Zn content for Zn-Li ferrites sintered at various sintering temperatures (1000, 1050, 1100, 1150, 1200, and 1250
• C) are shown in Figure 8 . The increase of the real (µ ′ i ) part of permeability with the increase in Zn substitution can be explained on the basis of cation distribution and densification of ferrites. In the case of Li ferrites, because of the monovalent nature of Li, there has to be an excess amount of Fe 3+ in the octahedral B-sites [22] . The substituted nonmagnetic Zn 2+ ions preferentially occupy the tetrahedral A-site, replacing an equal amount of Fe 3+ to the octahedral B-sites and lowering the Li + content from the octahedral B-sites, hence increasing the net magnetic moment as well as the initial permeability. An increase in the density of ferrites not only results in the reduction of the demagnetizing field due to the presence of pores but also raises the spin rotational contribution, which in turn increases the permeability [31] .
The effect of microstructures is significant on the magnetic properties of ferrites. It is generally believed that the grain size has an almost linear relationship with the saturation magnetization, initial permeability, and low coercivity because large grains favor domain wall mobility [29, 32] . Therefore, in the present case, as the grain size increases with increasing sintering temperature, the increase of initial permeability with increasing sintering temperature is expected.
Conclusions
The 
